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Supporting Information
S1 Equilibrium equations
In this section we provide details to obtain the force in any bar of a pre-stressed truss in the presence of
external loads.
Consider a truss with b bars and n joints or nodes. Let
˜
y0i denote the position of the ith joint in the
absence of any self-stress and any external load (i.e., the ideal truss). Thus, the length L0ij of the bar
connecting the ith and jth joint is given by |
˜
y0j −
˜
y0i |.
A state of self-stress can be induced in the truss by changing the natural length of the bar connecting
the ith and jth joint to be Lij that is different from the ideal natural length L0ij . Further, we can apply
external force
˜
F exti at the ith joint. The new positions of the joints, {
˜
yi}, can be obtained from solving
the equilibrium equations. Assuming that each bar is made of a linear elastic material, the equilibrium
of the ith joint is given by
∑
j
Kij
(|
˜
yj −
˜
yi| − Lij
) (
˜
yj −
˜
yi
)
|
˜
yj −
˜
yi| − ˜F
ext
i = 0. (S1)
where Kij denotes the stiffness of the bar connecting the joints indexed i and j (with Kij = 0 if there is
no such bar).
These equations are nonlinear in the positions. However, if the displacement of the joints is small
enough (as for example, if the strain to failure is small as is true in our situation), we can linearize around
the natural positions. To do so, we set
˜
yi =
˜
y0i +
˜
ui and L0ij = Lij + eij , and linearize the equilibrium
equation (S1) in {
˜
ui} and {eij}. We obtain∑
j
Kij (
˜
tij .(
˜
uj −
˜
ui)− eij)
˜
tij =
˜
F exti , (S2)
where
˜
tij is the unit vector tangent to the bar given by ˜
y0j−
˜
y0i
|
˜
y0j−
˜
y0i | . We can now exploit the linearity of the
equation and write
˜
ui =
˜
uFi +
˜
uSi where
˜
uFi ,
˜
uSi solve∑
j
Kij
(˜
tij .(
˜
uFj −
˜
uFi )
)
˜
tij =
∑
j
Kij
˜
uFj =
˜
F exti , (S3)
∑
j
Kij
(˜
tij .(
˜
uSj −
˜
uSi )− eij
)
˜
tij = 0, (S4)
with Kij = (
˜
tij ⊗Kij
˜
tij)− δij (
∑
k˜
tjk ⊗Kjk
˜
tjk). The first equation above finds the displacements due
to the external force in the absence of self stress while the latter finds the displacements due to self-stress
in the absence of the external forces.
Now, note that Kij
(˜
tij .(
˜
uSj −
˜
uSi )− eij
)
is the force in the bar connecting joints indexed i and j in
the pre-stressed structure without the application of an external load. Representing this force by PSij , eq.
(S4) becomes
∑
j P
S
ij
˜
tij = 0. Switching to an indexing with respect to bars, eq. (S4) further simplifies to∑
α
CiαP
S
α = 0, (S5)
where C represents a connectivity matrix of size dn × b and α = 1, . . . , b. If the αth bar starts or ends
at the joint indexed i, then the vector in the αth column of C from its d(i− 1) + 1th row to its dith row
is given by the unit vector
˜
tα, which represents the direction cosines of the bar pointing away from the
joint i. The vector is zero otherwise. The null-space of matrix C indicates states of self-stress in the
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Figure S1: Example of a statically indeterminate 2-D truss with 13 joints (labeled in black) and 26 bars
(labeled in red).
system, and the orthonormal vectors that span this null-space describe the different states of self-stress
in the truss.
Therefore, the total force in the αth bar is given by
Pα = P
F
α +
∑
m
λmAαs
m
α , (S6)
where PFα = Kij(
˜
uFj −
˜
uFi ).
˜
tij is the force in the αth bar due to the external force. Finally, consider a
loading mode on the structure with an applied force T . It is easy to calculate a non dimensional quantity
fα associated with the αth bar such that eq. (S6) becomes
Pα = Tfα +
∑
m
λmAαs
m
α . (S7)
Here, θfα is the force in the αth bar when the initially stress-free structure is loaded along the mode
with a unit external load, where θ is a unit force.
To illustrate the states of self-stress, consider the structure shown in Fig. S1 with a uniform stiffness
distribution. As a result, there are three states of self-stress represented by the linearly independent
vectors,
˜
s1 = [−1, −1, 1, −1, 1, −1, 1, 0, −1, 1, 0, 0, 0, −1, 1, 0, 1, 0, 0, 0, 0, 0, 0, 0, 0, 0]T ,
˜
s2 = [0, 0, 0, 0, 0, −1, 1, 1, −1, −1, −1, −1, −1, 0, 1, 1, 0, 1, 0, 1, 0, 0, 0, 0, 0, 0]T ,
˜
s3 = [0, 0, 0, 0, 0, −1, 1, 1, −1, −1, 0, −2, 0, 0, 1, 1, 0, 0, 1, 0, −1, −1, −1, 1, 1, 1]T .
S2 Sensitivity analysis
S2.1 Sensitivity of specific failure load
Consider a matrix
˜
Vi of size bi x d, where bi is the number of elements in the set {β} for the ith loading
mode. Let the jth row in
˜
Vi,
˜
vi,j be the difference in displacement vectors (due to the external force) of
joints associated with the bar given by the jth element in the corresponding set {β}. From eq. (S3), it
is easy to find the relation
˜
Vi =
˜
J
˜
Fi, where the kth row of
˜
Fi is the external force at the kth joint for
a unit load along the ith mode. Note that
˜
J is a matrix of size bi x n. With this revised notation, the
specific failure load considering failure of a bar in tension can be written as
T cr =
∑
i
θwi
EAρo
 ∑
{β: fβ>0}
(
l(σcrβ −
∑
j λjs
j
β)
˜
vi,β .
˜
tβ
)−p−1/p , (S8)
where
˜
tj is the unit vector along the bar indexed j in the corresponding set {β}. The sensitivity of
specific failure load with the internal stress distribution can be easily calculated as
∂T cr
∂
˜
λ
=
∑
i
θwi
EAρo

 ∑
{β: fβ>0}
(
l(σcrβ −
∑
j λjs
j
β)
˜
vi,β .
˜
tβ
)−p
−(p+1)
p
 ∑
{β: fβ>0}
(
l(σcrβ −
∑
j λjs
j
β)
˜
vi,β .
˜
tβ
)−p−1( −l
˜
sβ
˜
vi,β .
˜
tβ
)
 .
(S9)
S2
However,
˜
Vi and hence
˜
vi,j depend on the stiffness distribution within the truss. In order to calculate
the sensitivity of eq. (S8) with respect to aα, we modify eq. (S8) by introducing the method of Lagrange
multipliers, as follows
T cr =
∑
i
θwi
EAρo
 ∑
{β: fβ>0}
(
l(σcrβ −
∑
j λjs
j
β)
˜
vi,β .
˜
tβ +
˜
Bβ .(
˜
vi,β −
˜
Jβ
˜
Fi)
)−p−1/p , (S10)
where
˜
Bβ represents the βth Lagrange multiplier of size 1 x d and
˜
Jβ represents the βth row of
˜
J . The
sensitivity of T cr with respect to aα, α = 1, 2, . . . , b is calculated as
∂T cr
∂aα
=
∑
i
θwi
EAρo

 ∑
{β: fβ>0}
(
l(σcrβ −
∑
j λjs
j
β)
˜
vi,β .
˜
tβ
)−p
−(p+1)
p
 ∑
{β: fβ>0}
(
l(σcrβ −
∑
j λjs
j
β)
˜
vi,β .
˜
tβ
)−p−1
lDi

 .
(S11)
For each loading mode given by the index i,
Di =
∂σcrβ
∂aα
−
˜
λ.
(
∂
˜
sβ
∂aα
)
˜
vi,β .
˜
tβ
−
(
σcrβ −
∑
j λjs
j
β
)(
˜
tβ .
∂
˜
Jβ
∂aα ˜
Fi
)
(
˜
vi,β .
˜
tβ)
2 . (S12)
Note that we avoid computing ∂˜vi,β∂aα by choosing ˜
Bβ to be −˜tβ .
S2.2 Sensitivity of specific stiffness
Similar to the procedure carried out in the previous subsection, the specific stiffness can be written as
M =
∑
i
θ2wil
EA2ρo
1∑
α aα (˜
vi,α.
˜
tα)
2
+
˜
Bα.(
˜
vi,α −
˜
Jα
˜
Fi)
. (S13)
Choosing the Lagrange multiplier
˜
Bα to be −2aα (
˜
vi,α.
˜
tα)
˜
tα,
∂M
∂aα
=
∑
i
−θ2wil
EA2ρo
(
˜
vi,α.
˜
tα)
2
+ 2aα (
˜
vi,α.
˜
tα)
˜
tα.
∂
˜
Jα
∂aα ˜
Fi(∑
α aα (˜
vi,α.
˜
tα)
2
)2 . (S14)
We optimize the specific stiffness with respect to aα subject to the constraints,
∑
α aα = b and
amin ≤ aα ≤ amax, α = 1, 2, . . . , b, using algorithm 1. We optimize T cr with respect to both aα and λj ,
subject to the additional constraints |∑j λjsjα| ≤ smax, using algorithm 2.
S3 Experimental details
S3.1 Design of the truss
Figures S2(A) and (B) show the design of the truss (without the joints) for the triangular lattice and
octahedral truss, respectively. The reduced cross-sectional area at the bars’ intersection ensures a de-
crease in bending resistance. To ensure that failure does not occur at the joints when the structure is
loaded, we fabricate them using a softer material (TangoBlack, TB, by Stratasys). During testing, the
structures are fastened to an Instron mechanical testing machine using bolts that pass through the loops
at the two corners of the structure (figures S2(C) and (D)). The close-up image in Fig. S2(E) shows
expected fracture of a slack bar at the thinnest region.
In order to calculate the internal stress distribution that optimizes the failure load, we first measure
the properties of a single bar. We perform tensile tests on the samples shown in figures S2(F) and (G)
to measure the linear stiffness of a regular bar and a slack bar. It is to be noted that the effective length
of these bars is twice that of one bar in a truss. Hence, we double the measured stiffness to calculate the
stiffness of just one bar in each truss. We calculate the linear stiffness of each sample as the slope of the
straight line portion in its force-position data for a fixed displacement. We use these values as input to
maximize the failure load in the following subsection.
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Figure S2: A and B Models of bars for the triangular lattice and octahedral truss, respectively. C and
D The triangular lattice and octahedral truss loaded using the Instron machine. E A triangular lattice
sample post testing. Notice fracture in the slack bar indicated by the blue circle in the close-up image. F
and G Model of a regular bar and a slack bar, respectively.
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Table S1: Experiments vs theory- Triangular lattice
Quantity Experimental results Theoretical results
Failure load (stress-free) 31.89± 3.01 N 26.07 N
Failure load (internally stressed) 66.13± 3.89 N 60.30 N
Stiffness (stress-free) 13.64± 1.72 N/mm 11.55 N/mm
Stiffness (internally stressed) 10.07± 0.52 N/mm 11.55 N/mm
Percentage increase in failure load 107.21 % 131.30 %
Table S2: Experiments vs theory- Octahedral truss
Quantity Experimental results Theoretical results
Failure load (stress-free) 86.03± 8.67 N 85.14 N
Failure load (internally stressed) 195.59± 7.39 N 185.74 N
Stiffness (stress-free) 47.12± 1.65 N/mm 41.37 N/mm
Stiffness (internally stressed) 46.02± 0.43 N/mm 41.37 N/mm
Percentage increase in failure load 127.44 % 118.16 %
S3.2 Maximum failure load and slack length distribution
We calculate optimal distributions of internal stress
˜
λ∗1 and
˜
λ∗2 that maximize the failure load for the
structures shown in figures 3(A) and (B), respectively. We assume a maximum pre-compression/ pre-
extension limit in each bar of 0.97 mm (≈ 2.5% maximum pre-strain) for the triangular lattice and
0.85 mm (≈ 2.1% maximum pre-strain) for the octahedral truss. The failure load is optimized with the
constrained gradient based method, using eq. (S9). We use algorithm 2 to calculate the internal stress
distributions
˜
λ∗1 and
˜
λ∗2, that maximize the failure loads in each structure. This desired increase in failure
load can be achieved in the triangular lattice by introducing a slack length of 2.28 mm in each of the
three slack bars indicated in Fig. 3(A)– using algorithm 3. Similarly, we introduce a slack length of 1.4
mm in each of the four slack bars in Fig. 3(B).
S3.3 Experimental setup
Figures S2(C) and (D) show the triangular lattice and octahedral truss loaded using the Instron tensile
testing machine. Since the fixtures are constrained to move vertically, this process replicates the desired
mode of loading. As we load the triangular lattice, some of the bars compress and naturally tend to
buckle out of plane at the joints. This happens due to the negligible bending resistance offered by the
joints. In order to make sure all the bars remain in the same plane, which is the plane of view, we
constrain the sample between two glass slides with lubricated internal surfaces. The lubrication helps
reduce friction between the sample and the glass, without adding any in-plane external force. Further,
the spacing between the glass slides is held constant using a fixed number of standard nuts and washers
between them. Finally, the glass slides are held stationary with respect to the machine using clamps
that are attached to the Instron machine. The two ends are moved vertically away with respect to each
other, quasi-statically, till the first bond breaks. The displacement rate is set at 0.5 mm/s. We then
measure the peak load at which this failure occurs from the recorded data.
Tables S1 and S2 summarize the experimental results (mean values with standard deviations) against
the corresponding theoretical predictions. Note that we calculate the stiffness of each structure as slope
of the straight line regions for a fixed displacement in figures 3(A) and (B).
Algorithms
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Algorithm 1 Optimization (minimization) with respect to a
1: Objective function ⇒ O (a), fix λ = 0
2: Randomly select 100 points for a such that the constraints are satisfied
3: Evaluate O at all 100 points
4: Let ai represent the vector of stiffness at the ith iteration.
5: Identify a1 such that O (a1) is minimum of all 100 values
6: i=1 (step)
7: Evaluate Ga,i (Gradient of O with a at ai) and Gpa,i (Ga,i projected on active constraints)
8: while (norm (Ga,i)>0) OR (norm (Gpa,i)>0)
9: ai+1 = ai − e G {G = Ga,i, if ∃ e > 0 s.t. ai+1 is feasible; G = Gpa,i, otherwise}
10: If ai+1 violates a constraint, recalculate ai+1 on boundary
11: while (O(ai+1)−O(ai))>0
12: e = τ e, where 0 < τ < 1
13: Re-evaluate feasible ai+1
14: end
15: i=i+1
16: Evaluate Ga,i and Gpa,i
17: end
18: a∗ = ai
Algorithm 2 Optimization (minimization) with respect to a and λ
1: Objective function ⇒ O (a, λ)
2: Randomly select 100 points for (a, λ) such that the constraints are satisfied
3: Evaluate O at all 100 points
4: Let (ai, λi) represent the stiffness and internal stress distribution vectors at the ith iteration.
5: Identify (a1, λ1) such that O (a1, λ1) is minimum of all 100 values
6: i=1 (step)
7: Evaluate Ga,i, Gλ,i (Gradient of O with a at ai and with λ at λi, respectively), Gpa,i and Gpλ,i(Ga,i
and Gλ,i projected on active constraints, respectively)
8: while (norm (Ga,i)>0 AND norm(Gpa,i)>0) OR (norm (Gλ,i)>0 AND norm (Gpλ,i)>0)
9: ai+1 = ai − e1 G {G = Ga,i, if ∃ e1 > 0 s.t. ai+1 is feasible; G = Gpa,i, otherwise}
10: If ai+1 violates a constraint, recalculate ai+1 on boundary
11: while (O(ai+1, λi)−O(ai, λi))>0
12: e1 = τ1e1, where 0 < τ1 < 1
13: Re-evaluate feasible ai+1
14: end
15: Re-evaluate Gλ,i and Gpλ,i
16: λi+1 = λi − e2G {G = Gλ,i, if ∃ e2 > 0 s.t. λi+1 is feasible; G = Gpλ,i, otherwise}
17: If λi+1 violates a constraint, recalculate λi+1 on boundary
18: while (O(ai+1, λi+1)−O(ai+1, λi))>0
19: e2 = τ2e2, where 0 < τ2 < 1
20: Re-evaluate feasible λi+1
21: end
22: i=i+1
23: Evaluate Ga,i, Gλ,i, Gpa,i and Gpλ,i
24: end
25: (a∗, λ∗) = (ai, λi)
S6
Algorithm 3 Distribution of slack lengths
1: Assign stiffness k2 to slack bars and k1 to the remaining bars. Let the set of indices of slack bars be
represented by Set1.
2: Calculate λ∗ from algorithm 2, for this fixed a
3: for i=1: 1: size (Set1)
4: Natural length of bar indexed by Set1(i) → L+ 1 mm
5: Natural lengths of all other bars → L mm
6: Resultant equilibrium pre-stress distribution (without external load) → λi
7: end
8: Solve for the optimal solution, x∗ = arg minx|
∑
i xiλi − λ∗|2, subject to x ≥ 0 and x ≤ ub (upper
bound determined by a maximum pre-strain limit)
9: Distribution of natural lengths: L+ x∗i mm for the ith bar in Set1 and L mm for the rest, where L
is the natural length of each bar in the homogeneous structure.
10: Amount of slack in the ith bar in Set1 is x∗i mm.
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